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Histone (de)acetylation is important for the regulation of fundamental biological processes such as gene
expression and DNA recombination. Distinct classes of histone deacetylases (HDACs) have been identified, but
how they are regulated in vivo remains largely unexplored. Here we describe results demonstrating that
HDAC4, a member of class II human HDACs, is localized in the cytoplasm and/or the nucleus. Moreover, we
have found that HDAC4 interacts with the 14-3-3 family of proteins that are known to bind specifically to
conserved phosphoserine-containing motifs. Deletion analyses suggested that S246, S467, and S632 of HDAC4
mediate this interaction. Consistent with this, alanine substitutions of these serine residues abrogated 14-3-3
binding. Although these substitutions had minimal effects on the deacetylase activity of HDAC4, they stimu-
lated its nuclear localization and thus led to enhanced transcriptional repression. These results indicate that
14-3-3 proteins negatively regulate HDAC4 by preventing its nuclear localization and thereby uncover a novel
regulatory mechanism for HDACs.

Specific lysine acetylation of histones and nonhistone pro-
teins has been recently recognized as a major mechanism by
which eukaryotic transcription is regulated (12, 23, 24, 44, 45,
56, 57). Such acetylation is reversible and dynamic in vivo,
and its level is governed by the opposing actions of histone
acetyltransferases and histone deacetylases (HDACs). Distinct
classes of HDACs have been identified in mammals (21, 36).
Class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8)
are homologous to yeast Rpd3 (8, 16, 49, 60, 61). HDAC1 and
HDAC2 interact with each other and form the catalytic core of
Sin3 and NuRD complexes, both of which play important roles
in transcriptional repression and gene silencing (26, 51, 53,
54, 58, 63–65). Various transcriptional repressors recruit these
complexes to inhibit transcription (reviewed in references 15,
45, and 56). Class II HDACs (HDAC4, HDAC5, HDAC6, and
HDAC7) contain domains significantly similar to the cata-
lytic domain of yeast Hda1 (9, 11, 20, 33, 41, 52, 55). HDAC4,
HDAC5, and HDAC7 are homologous, whereas HDAC6 has
two Hda1-related catalytic domains and a unique Cys- and His-
rich C-terminal domain. HDAC4 and HDAC5 interact with
the MEF2 transcription factors (28, 33, 55), and this inter-
action is regulated (30, 62). Related to this, MITR/HDRP, a
protein related to the N-terminal part of HDAC4, HDAC5,
and HDAC7, binds to MEF2s and represses transcription (43,
66). Moreover, HDAC4, HDAC5, and HDAC7 were found to
interact with the nuclear receptor corepressors SMRT and
N-CoR (13, 17, 20). These new findings suggest that like class
I HDACs, some class II HDACs are recruited to promoters to
inhibit transcription. One interesting but unaddressed question
is how the function of HDACs is regulated in vivo.

While HDAC1, HDAC2, and HDAC3 are nuclear, the plant
deacetylase HD2 is a nucleolar protein (8, 31). Miska et al.
reported that the HDAC4 protein lacking the N-terminal 117

residues is cytoplasmic or nuclear in HeLa cells (33), whereas
Fischle et al. found this mutant predominantly nuclear in the
same cell line (9). Importantly, this mutant is actively exported
to the cytoplasm (33). We found that the same mutant is
mainly cytoplasmic in NIH 3T3 cells (M. Vezmar and X. J.
Yang, unpublished observation). Very recently, it was reported
that HDAC5 and HDAC7 are nuclear in HeLa and CV-1 cells
(20, 28). These findings suggest that the subcellular localization
of HDAC4 and its homologs may be regulated in a cell con-
text-dependent manner and that controlled subcellular local-
ization may serve as a regulatory mechanism for these HDACs.
However, the way by which such regulation is achieved remains
entirely unclear.

Emerging evidence indicates that 14-3-3 proteins function as
cytoplasmic anchors for some binding partners (1, 38). For
example, 14-3-3 proteins bind to and retain phosphorylated
CDC25C, a phosphatase important for initiating the G2/M
transition during cell cycle progression, in the cytoplasm (39).
It has been recently shown that 14-3-3 proteins also regulate
the nuclear localization of transcription factors. Upon phos-
phorylation by the kinase Akt/PKB, the Forkhead transcription
factor FKHRL1 interacts with 14-3-3 proteins and is seques-
tered in the cytoplasm (4). Such regulation may also control
the nuclear localization of two other transcription factors re-
lated to FKHRL1 (3, 22, 46; reviewed in reference 6). Fur-
thermore, the yeast 14-3-3 protein BMH2 interacts with the
transcription factors MSN2 and MSN4 and may regulate their
cytoplasmic retention in a TOR kinase-dependent manner (2).
Intriguingly, 14-3-3 proteins were found to be part of a HAT1
complex purified from Xenopus oocytes (19). Here we present
evidence that 14-3-3 proteins bind to HDAC4 and sequester it
in the cytoplasm, suggesting that 14-3-3 proteins negatively
regulate HDAC4 and its homologs by excluding them from the
nucleus.

MATERIALS AND METHODS

Molecular cloning. Expression plasmids for HDAC4 and some deletion mu-
tants have been described previously (55). Additional HDAC4 mutants were
generated by PCR with the Expand thermostable DNA polymerase (Roche) or
by site-directed mutagenesis with single-stranded uracil-containing templates
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and T7 DNA polymerase. DNA sequencing was performed with T7 Sequenase
2.0 (Amersham Pharmacia Biotech) to confirm the mutations. Green fluorescent
protein (GFP) constructs were derived from pEGFP-C2 (Clontech). Luciferase
reporters pJLuc, MEF2-E4-Luc, and Gal4-tk-Luc have been described previ-
ously (5, 55).

Cytoplasmic and nuclear fractionation. A previously described procedure was
used with modifications (5). Briefly, NIH 3T3 cells (;106) were washed twice
with phosphate-buffered saline (PBS) and lysed in situ using 1 ml of ice-cold
hypotonic lysis buffer (20 mM HEPES [pH 7.6], 20% glycerol, 10 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 25 mM NaF, 25 mM b-glycer-
ophosphate, 1 mM dithiothreitol, protease inhibitors). After 5 min on ice with
occasional shaking, the cell lysate was harvested by scraping and centrifuged for
5 min on a benchtop centrifuge (at 1,300 3 g) at 4°C. The supernatant was
collected, cleared by high-speed centrifugation (10 min at 16,000 3 g) at 4°C, and
saved as the cytoplasmic fraction. The nuclear pellet from the low-speed cen-
trifugation was suspended in 0.2 ml of hypotonic lysis buffer containing 0.5 M
NaCl and rotated for 20 min at 4°C. After high-speed centrifugation, the super-
natant was collected as the nuclear extract.

Immunofluorescence microscopy. Subconfluent and cycling NIH 3T3, 293,
COS1, or SKN (SK-N-SH [American Type Culture Collection]) cells growing on
glass coverslips in complete Joklik minimal essential medium (Gibco) were
transfected using the Lipofectamine liposome reagent (Gibco). Briefly, 1 mg of
Flag-tagged HDAC4 expression construct and 12 ml of Lipofectamine were used
to transfect cells on a coverslip. The cells were incubated for 3 h with the
plasmid-liposome complex in serum-free medium and washed once with PBS,
and complete medium was added. After 15 h, the cells were fixed with PBS–1%
paraformaldehyde at room temperature (RT) for 10 min. After being washed
once with PBS, the cells were permeabilized with PBS–0.5% Triton X-100 for 5
min at RT. The cells were again washed once with PBS and incubated with the
anti-Flag M2 monoclonal antibody (Sigma) for 60 min at RT. They were washed
once with PBS and incubated with goat anti-mouse immunoglobulin G conju-
gated with Alexa 488 (Molecular Probes) for 60 min at RT. They were washed
once again with PBS and mounted on glass slides using a glycerol-based mount-
ing medium containing the antifade agent para-phenylenediamine (0.1 mg/ml;
Sigma) and 49,6-diamidino-2-phenylindole (DAPI) (30 mg/ml; Sigma). Labeled
cells were visualized using a digital deconvolution epifluorescence microscope
(Leica); images were collected using a digital camera containing a 14-bit detector
(Princeton Instruments) and further processed with Adobe Photoshop.

Alternatively, NIH 3T3 or 293 cells (2 3 104) were seeded on coverslips in a
12-well plate and transfected with 0.1 mg of a Flag- or GAl4-tagged HDAC4
expression plasmid using 2 to 5 ml of Superfect (Qiagen). Fifteen to 24 h later,
the cells were rinsed three times with PBS–1 mM MgCl2–0.1 mM CaCl2 and
further processed for immunofluorescence microscopy with the anti-Flag (1:300;
Sigma) or anti-Gal4 (RK5C1; Santa Cruz Biotechnology) antibody as described
previously (32). For nuclear staining, either DAPI or Hoechst 33258 (20 ng/ml;
Sigma) was used.

Live green fluorescence microscopy. Expression plasmids for GFP fusions
were transfected, with SuperFect, into NIH 3T3, 293, or SKN cells cultured
in Dulbecco minimal essential medium (Gibco) supplemented with 10% fetal
bovine serum and antibiotics. Sixteen hours posttransfection, transfected cells
were subjected to live green fluorescence microscopy using a Zeiss Axiovert 135
microscope equipped with a temperature-adjustable platform and linked to a
charge-coupled device camera (Princeton Instruments) controlled by a Hewlett-
Packard computer running Northern Eclipse (Empix Imaging). Images were
taken and exported to a PowerMac computer for further processing with Adobe
Photoshop.

To quantify transfected cells with different subcellular localization of GFP
fusions, transfected cells with green fluorescence were counted under the fluo-
rescence microscope by eye. For each GFP fusion construct, 50 to 400 cells with
green fluorescence were counted per experiment; at least three independent
transfection experiments were performed to obtain consistent results.

Protein-protein interaction. To examine the interaction between HDAC4 and
14-3-3 proteins, the Flag-HDAC4 expression plasmid was cotransfected into 293
cells with or without an expression plasmid for hemagglutinin (HA)-tagged
human 14-3-3b. A 3-mg portion of each plasmid was used to transfect 4 3 105

cells (in a 6-cm dish) with 9 ml of SuperFect transfection reagent. Forty-eight
hours after transfection, the cells were washed twice with PBS and collected in
0.5 ml of buffer B (20 mM Tris-HCl [pH 8.0], 10% glycerol, 5 mM MgCl2, 0.1%
NP-40, protease inhibitors) containing 0.15 or 0.5 M KCl. Cell extracts were
prepared for affinity purification on M2 agarose beads (Sigma) or for immuno-
precipitation with the mouse anti-HA monoclonal antibody (Babco) and Ultra-
Link immobilized protein A/G beads (Pierce). Beads with bound immunocom-
plexes were washed four times with buffer B supplemented with 0.15 or 0.5 M
KCl, and bound proteins were eluted with Flag peptide (Sigma) or sodium
dodecyl sulfate (SDS) sample buffer. Eluted proteins were subsequently resolved
by SDS-polyacrylamide gel electrophoresis (10% polyacrylamide) and trans-
ferred to nitrocellulose membranes for Western analysis with the anti-Flag or
anti-HA antibody. Blots were developed with Supersignal chemiluminescent
substrates (Pierce).

To examine the interaction of Flag-HDAC4 with endogenous 14-3-3, Flag-
HDAC4 was expressed in and purified from 293 cells as described above. Bound
proteins were eluted and subjected to Western analysis with anti-14-3-3 antibod-

ies (K-19 and H-8; Santa Cruz Biotechnology). The interaction of Flag-tagged
HDAC4 mutants with 14-3-3 proteins was similarly analyzed.

For interaction between endogenous HDAC4 and 14-3-3 proteins, NIH 3T3
cell extracts (;1.5 mg in 0.4 ml of buffer B supplemented with 150 mM KCl and
50 mM NaF) were mixed with preimmune IgG or rabbit anti-HDAC4 antibody
and incubated at 4°C for 1 h. A 20-ml bed volume of UltraLink Immobilized
protein A/G beads was added; after being rotated overnight at 4°C, the beads
were washed extensively with buffer B supplemented with 150 mM KCl and 50
mM NaF. Bound immunocomplexes were eluted by boiling in SDS sample buffer
and subjected to Western analysis with the rabbit anti-HDAC4 or mouse anti-
14-3-3 antibody (H-8).

HDAC assays. Flag-tagged HDAC4 and mutant proteins were expressed in
and purified from 293 or 293T cells as described above. HDAC assays were
carried out using [3H]acetyl-histones prepared from HeLa cells as described
previously (55).

Reporter gene assays. Reporter gene assays were performed as described
previously, except that transfected cells were lysed for measurement of reporter
activities 24 h posttransfection (55).

RESULTS

Subcellular localization of HDAC4. For examination of the
subcellular localization of HDAC4, a rabbit polyclonal anti-
body was raised. This antibody detected Flag-HDAC4 ex-
pressed in and affinity purified from 293 cells (Fig. 1A, lane 1).
Western analyses of cytoplasmic and nuclear extracts of NIH
3T3 cells revealed that HDAC4 is mainly in the cytoplasmic
fraction (lanes 2 and 3). As expected, anti-14-3-3 and anti-
MEF2D antibodies detected 14-3-3 and MEF2D in the cyto-
plasmic and nuclear fractions, respectively (lanes 5 and 6).

FIG. 1. Cytoplasmic localization of HDAC4. (A) Affinity-purified Flag-
HDAC4 (lane 1) and cytoplasmic (lanes 2 and 5) and nuclear (lanes 3 and 6)
extracts of NIH 3T3 cells were subjected to immunoblotting with the anti-
HDAC4 (lanes 1 to 3), anti-14-3-3 (lanes 5 and 6, top), or anti-MEF2D (lanes 5
and 6, bottom) antibody. The amount of extracts was normalized according to
cell numbers. The 55-kDa band in lane 2 may not be specific, since it was not
reproducibly detected by different bleeds of the anti-HDAC4 antibody. (B)
Representative green fluorescence images of NIH 3T3 and 293 cells expressing
GFP-HDAC4. (C) Green fluorescence images of two SKN cells (cells a and b)
expressing GFP-HDAC4. After initial examination for green fluorescence, LMB
(10 ng/ml) was added to the medium and cell b was then analyzed for redistri-
bution of green fluorescence at the indicated times. Under similar conditions,
LMB had minimal effects on the pancellular localization of GFP itself (data not
shown).
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These results indicate that in NIH 3T3 cells, endogenous
HDAC4 is localized mainly in the cytoplasm.

To examine the subcellular localization of HDAC4 in live
cells, we performed green fluorescence microscopy. For this, a
mammalian vector was constructed to express the fusion pro-
tein GFP-HDAC4, with HDAC4 fused to the carboxyl termi-
nus of enhanced GFP. This construct was transfected into NIH
3T3 cells, and live transfected cells were examined for green
fluorescence. While GFP itself was pancellular, GFP-HDAC4
was predominantly cytoplasmic in ;90% of the NIH 3T3 cells
transfected (Fig. 1B, left panel, and data not shown). Similarly,
unlike GFP, GFP-HDAC4 was cytoplasmic in most 293 cells
transfected (middle panel). In a small portion of 293 cells
transfected, GFP-HDAC4 was either pancellular or mainly in
the nucleus, where it formed dot-like structures (right panel).
Compared to NIH 3T3 and 293 cells, more SKN cells (;25%)
expressed GFP-HDAC4 in the nucleus (Fig. 1C and data not
shown). Taken together, these results indicate that HDAC4 is
localized in the cytoplasm and/or the nucleus in a manner
dependent on cellular context.

The distinct subcellular localization of HDAC4 suggests that
it may be actively shuttled between the cytoplasm and the
nucleus. To address this, we treated transfected SKN cells with
leptomycin B (LMB), a specific inhibitor of CRM1-mediated
nuclear export (10, 25, 37). As shown in Fig. 1C, LMB elicited
rapid nuclear translocation of GFP-HDAC4 in cell b, and af-
ter 40 min, GFP-HDAC4 was localized in nuclear dots. LMB
treatment of NIH 3T3 and 293 cells also induced nuclear ac-
cumulation of GFP-HDAC4 in discrete dots (data not shown).
Therefore, like the HDAC4 protein lacking its N-terminal 117
residues (33), full-length HDAC4 is actively exported to the
cytoplasm in a CRM1-dependent manner.

HDAC4 interacts with 14-3-3 proteins. Subcellular compart-
mentalization of HDAC4 may serve as a regulatory mechanism
to control its repression function. We therefore asked how
HDAC4 might be retained in the cytoplasm. One possibility is
that cytoplasmic anchor proteins are involved. 14-3-3 proteins
have been shown to regulate the translocation of FKHRL1 and
CDC25C from the nucleus to the cytoplasm (4, 39). 14-3-3
proteins bind to two types of consensus sites: R-(S/Ar)-(1/S)-
pS-(L/E/A/M)-P and R-X-(Ar/S)-(1)-pS-(L/E/A/M)-P,
where Ar is an aromatic amino acid, pS is phosphoserine, 1
is a basic amino acid, and X is any amino acid (40, 59).
However, atypical 14-3-3 binding sites have also been re-
ported (29). Moreover, 14-3-3 proteins bind to two R-X-R-
X-X-pS/T motifs of FKHRL1 (4). With these consider-
ations, we inspected the HDAC4 sequence and found that
HDAC4 contains five potential 14-3-3 binding sites: 242-
RKTASEP-248, 464-RTQSAP-469, 516-RQPESHP-522,
629-RAQSSP-632, and 703-RGRKATL-709, where the con-
served residues are underlined. This observation led us to
postulate that HDAC4 may interact with 14-3-3 proteins.

To test this hypothesis, we performed immunoprecipitation.
Expression plasmids for Flag-HDAC4 and HA-14-3-3b were
transfected into 293 cells, and cell extracts were prepared for
affinity purification on anti-Flag M2 agarose or for immuno-
precipitation with an anti-HA antibody. As shown in Fig. 2A
(top), Flag-HDAC4 was specifically coprecipitated with HA-
14-3-3b. Reciprocally, HA-14-3-3b was specifically coprecipi-
tated with Flag-HDAC4 (Fig. 2A, bottom).

We also examined the interaction of endogenous HDAC4
and 14-3-3 proteins by using anti-HDAC4 and anti-14-3-3 an-
tibodies. As shown in Fig. 2B (top), the anti-HDAC4 antibody
specifically precipitated endogenous HDAC4. Importantly, the
same antibody also precipitated 14-3-3 proteins (Fig. 2B, bot-

tom), further supporting the notion that HDAC4 associates
with 14-3-3 proteins.

S246, S467, and S632 of HDAC4 mediate the 14-3-3 binding.
Next we mapped the 14-3-3 binding sites on HDAC4. We first
utilized a series of HDAC4 deletion mutants that were already
available in our laboratory. Some of these mutants have been
described previously (55). These deletion mutants were ex-
pressed in 293 cells and affinity purified on anti-Flag M2 aga-
rose, and their ability to copurify 14-3-3 proteins was assessed
by immunoblotting. As demonstrated above, endogenous 14-
3-3 proteins copurified with Flag-HDAC4 (Fig. 3A, compare
lanes 1 and 2). 14-3-3 isoforms have similar properties in bind-
ing to their partners (40). These results therefore confirm that

FIG. 2. HDAC4 interacts with 14-3-3. (A) Expression plasmids for Flag-
HDAC4 and HA-14-3-3b were cotransfected into 293 cells as indicated. At 48 h
after transfection, cell extracts were prepared for affinity purification (AP) on M2
agarose beads (lanes 1 to 4) or immunoprecipitation (IP) with the anti-HA
monoclonal antibody (lanes 5 to 8). Bound proteins, eluted with Flag peptide
(lanes 1 to 4) or the SDS sample buffer (lanes 5 to 8), were subjected to Western
analyses with the anti-Flag (top) or anti-HA antibody (bottom). H, IgG heavy
chain; L, light chain. Note that in lanes 1 to 4, no heavy- and light-chain bands
are visible because the bound antigens were eluted with Flag peptide from M2
agarose beads, on which the anti-Flag antibody is covalently cross-linked.
Whether the bands at the light-chain position in lanes 3 and 4 (bottom) are due
to light chains is unclear. (B) NIH 3T3 extracts (lane 1) were subjected to
immunoprecipitation with a rabbit preimmune IgG (lane 2) or the rabbit anti-
HDAC4 antibody (lane 3) and subsequent Western analysis with the rabbit
anti-HDAC4 antibody (top) or a mouse anti-14-3-3 monoclonal antibody (bot-
tom).
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HDAC4 physically interacts with 14-3-3 proteins. Like full-
length HDAC4 (lanes 1 and 2), mutants hm1 to hm5 copre-
cipitated 14-3-3 proteins (lanes 3 to 7). This suggests that
residues 531 to 1084 of HDAC4 contain a 14-3-3 binding site
(Fig. 3B). To test if S632 is essential, we replaced it with
alanine to generate the mutant hm6 (Fig. 3B). This mutant was
unable to bind to 14-3-3 proteins (Fig. 3A, lane 8), indicating
that S632 but not T708 is important for 14-3-3 binding.

Unlike hm7, hm8 was able to bind to 14-3-3 proteins (Fig.
3A, lanes 9 and 10), indicating that there are 14-3-3 binding
sites between amino acids 208 and 620 of HDAC4 (Fig. 3B).
Additional deletion mutants (hm9 to hm11) were analyzed and
were all found to bind 14-3-3 proteins (Fig. 3C and D, lanes 1
and 2). This led us to test if S246 of HDAC4 is important for
14-3-3 binding, by replacing S246 with alanine to generate
mutant hm12 (Fig. 3B). This mutant was indeed defective in
14-3-3 binding (Fig. 3D, lane 3), indicating that S246 is impor-
tant for 14-3-3 binding. To address if S467 is required for
14-3-3 binding, mutants hm13 and hm14 were generated (Fig.
3B). Unlike hm13, hm14 was defective in 14-3-3 binding (Fig.
3D, lanes 4 and 5), indicating that S467 is important for 14-3-3
binding. To assess whether S520 is involved in 14-3-3 binding,
mutant hm15 was tested (Fig. 3B). This mutant was defective
in 14-3-3 binding (Fig. 3D, lane 6). Taken together, these
mapping results indicate that S246, S467, and S632 of HDAC4
mediate the binding of 14-3-3 proteins.

For verification of this conclusion and analysis of the func-
tional consequences of 14-3-3 binding, point mutations were

introduced at S246, S467, and/or S632 of full-length HDAC4,
generating mutants S246A, S467A, S632A, S246/467A, S246/
632A, S467/632A, and S246/467/632A. Among these mutants,
only S246/467/632A was completely defective in 14-3-3 binding
(Fig. 3E and data not shown). These results confirm that S246,
S467, and S632 of HDAC4 are all involved in 14-3-3 binding.

14-3-3 binding inhibits nuclear localization of HDAC4. Next
we wished to determine the functional consequences of 14-3-3
binding to HDAC4. The cytoplasmic localization of HDAC4
and its association with 14-3-3 proteins led us to test wheth-
er 14-3-3 binding regulates the subcellular localization of
HDAC4. To this end, we constructed GFP expression plasmids
for the full-length mutants S246A, S467A, S632A, S246/467A,
S246/632A, S467/632A, and S246/467/632A. Subcellular local-
ization of these fusion proteins was examined by live-cell flu-
orescence microscopy. Like the wild-type GFP-HDAC4, the
mutants with single mutations were predominantly cytoplasmic
in NIH 3T3 cells (Fig. 4A and B). For the mutants with two
substitutions, GFP-S246/467A and GFP-S246/632A were nu-
clear in the majority of transfected cells whereas fewer cells
expressed GFP-S467/632A in the nucleus (Fig. 4A and B),
suggesting that compared to S467 and S632, S246 plays a more
important role in controlling the subcellular localization of
HDAC4. The triple mutant GFP-S246/467/632A was nuclear
in most transfected cells and formed discrete nuclear dots (Fig.
4A). Similar results were obtained with these mutants in 293
cells (Fig. 4C and data not shown). Since S246, S467, and S632
are important for 14-3-3 binding, these results suggest that

FIG. 3. Mapping of 14-3-3 binding sites. (A) Expression plasmids for HDAC4 and its deletion mutants (all Flag tagged) were transfected into 293 cells, and cell
extracts were prepared for affinity purification on M2 agarose. Bound proteins were eluted with the Flag peptide and subjected to Western analyses with the anti-Flag
(top) or anti-14-3-3 (bottom) antibody. C (lane 1), control affinity purification using nontransfected cells. For HDAC4 proteins, bands with expected molecular masses
are indicated by asterisks. (B) Schematic representation of HDAC4 and its mutants, with their 14-3-3 binding ability indicated at the right. (C) Expression plasmids
for HA-tagged hm9 and hm10 were transfected into 293 cells, and cell extracts were prepared for immunoprecipitation with the anti-HA antibody. Immunocomplexes
were subjected to immunoblotting with the anti-HA (lanes 1 to 3) or anti-14-3-3 antibody (lanes 4 to 6). H, IgG heavy chain; L, light chain. (D and E) Interaction of
Flag-tagged deletion mutants hm11 to hm15 (D) and full-length point mutants (E) with 14-3-3 proteins. The migration difference between hm11 and hm12 may be due
to differential phosphorylation. The Flag-tagged HDAC4 proteins were expressed, affinity purified, and analyzed as in panel A.
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14-3-3 proteins bind to HDAC4 and sequester it in the cyto-
plasm.

14-3-3 binding does not affect the deacetylase activity of
HDAC4. The 14-3-3 binding sites were mapped to the N-ter-
minal half of HDAC4, whereas its catalytic domain is located
at the C-terminal part. The N-terminal truncations of HDAC4
lead to some activation of its deacetylase activity (9, 55). More-
over, 14-3-3 proteins are known to directly regulate the activ-
ity of several enzymes. We thus assessed the effects of 14-3-3
binding on the enzymatic activity of HDAC4. As shown in Fig.
5, the mutant S246/467/632A was almost as active as wild-type
HDAC4, suggesting that 14-3-3 binding has minimal effects on
the deacetylase activity of HDAC4.

14-3-3 binding inhibits the repression potential of HDAC4.
Since HDAC4 and its related proteins repress MEF2-depen-
dent transcription (28, 30, 33, 43, 55, 66), we asked whether
cytoplasmic retention of HDAC4 indirectly inhibits its repres-
sion function. To address this, we conducted reporter gene
assays to compare the repression ability of HDAC4 and its
mutant S246/467/632A. We first tested MEF2-E4-Luc, which
contains a MEF2 consensus site upstream from the adenovirus

FIG. 4. Effects of point mutations of S246, S467, and S632 of HDAC4 on its subcellular localization. (A) Representative images of green fluorescence of NIH 3T3
cells expressing HDAC4 and its mutants fused to GFP. (B) Quantitative representation of NIH 3T3 cells expressing HDAC4 or its mutants fused to GFP. Blank bar
(C.N), more green fluorescence in the cytoplasm; shaded bar (C5N), fluorescence equally in the cytoplasm and the nucleus; solid bar (N.C), more fluorescence in
the nucleus. Average values of three independent experiments are shown with standard deviation indicated by error bars. (C) Representative images of green
fluorescence of 293 cells expressing GFP-S246/467/632A.

FIG. 5. Effects of point mutations of S246, S467, and S632 of HDAC4 on its
deacetylase activity. (A) Deacetylase activity of HDAC4 and its mutant S246/
467/632A. Expression plasmids for Flag-tagged fusion proteins were transfected
into 293 cells, and cell extracts were prepared for affinity purification on M2
agarose. Activities of eluted proteins (left) were determined by measuring the
release of [3H]acetate from [3H]acetyl-histones. (B) The amount of the eluted
proteins was analyzed by immunoblotting with the anti-Flag antibody. The mi-
gration position of full-length proteins is indicated by an asterisk.
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E4 core promoter driving the luc gene. As shown in Fig. 6A, 50
ng of the HDAC4 construct resulted in reduction of the
MEF2C-stimulated reporter activity to the basal level, whereas
10 ng of the mutant construct achieved a similar level of re-
pression. We also tested pJLuc, a Luc reporter driven by the
c-Jun promoter (2225/1150) that is known to contain a MEF2
binding site (14). Therefore, compared to wild-type HDAC4,
the mutant S246/467/632A was apparently more potent in
repressing pJLuc reporter activity (Fig. 6B). To test whether
the expression of HDAC4 and its mutant lead to generalized
repression, we cotransfected the reporter Gal4-tk-Luc with
an expression plasmid for Gal4-VP16. As shown in Fig. 6C,
HDAC4 and its triple mutant had minimal effects on the ac-
tivation mediated by Gal4-VP16, suggesting that expression of
HDAC4 and its mutant does not lead to global repression.

We also assessed the apparent repression ability of HDAC4
and its mutant by artificially tethering them to a promoter. To
do this, HDAC4 and its mutant were expressed as proteins
fused to the Gal4 DNA binding domain and tested for the
ability to inhibit the reporter activity of Gal4-tk-Luc. As shown
in Fig. 6D, Gal4-S246/467/632A was much more potent than
Gal4-HDAC4 in repressing Gal4-tk-Luc reporter activity. In-
direct-immunofluorescence experiments with an anti-Gal4

antibody revealed that unlike Gal4-HDAC4, Gal4-S246/467/
632A was predominantly nuclear in NIH 3T3 cells (data not
shown). Taken together, these results support the notion that
14-3-3 proteins sequester HDAC4 away from its targets in the
nucleus and thereby indirectly inhibit its repression function.

DISCUSSION

HDAC4 is localized in the cytoplasm and/or the nucleus.
The results presented herein support the notion that HDAC4
is localized in the cytoplasm and/or the nucleus. This is con-
sistent with reports on the subcellular localization of the
HDAC4 protein lacking the N-terminal 117 residues (9, 33).
An interesting question is why, even for the same cell line,
HDAC4 is nuclear in some cells but cytoplasmic in oth-
ers (Fig. 1) (33). One possibility is that cell cycle progression
may affect the subcellular localization. However, we did not
find evidence that the subcellular localization of HDAC4
is regulated during the cell cycle (data not shown). Other
possibilities include growth conditions, extracellular signal-
ing events, and heterogeneity of cells in the cell lines used.
Clearly, these interesting issues merit further investigation.
While HDAC4 was evenly distributed in the cytoplasm, it
occupied dot-like patterns in the nucleus (Fig. 1 and 4).
Such nuclear dots have been observed by others (20, 33), but
their physiological significance remains to be established.

The cytoplasmic and nuclear localization of HDAC4 sug-
gests that it may have functions in both compartments. Alter-
natively, such a subcellular localization may simply serve as a
regulatory mechanism for HDAC4. Since HDAC4 is known to
be involved in transcriptional regulation (30, 33, 55), its cyto-
plasmic localization may negatively regulate its function in the
nucleus. Indeed, the nuclear localization of HDAC4 is nega-
tively regulated by binding to 14-3-3 proteins (Fig. 2 to 6). This
also suggests that by analogy to DNA-binding transcription
factors, the control of nuclear localization is an important
regulatory mechanism for transcriptional coregulators. This is
the case for at least two other coregulators, b-catenin and
activated Notch (7, 42).

The distinct subcellular localization of HDAC4 also suggests
that it is actively shuttled between the cytoplasm and the
nucleus. Consistent with this suggestion, LMB treatment
was found to elicit nuclear accumulation of GFP-HDAC4
(Fig. 1C). Since LMB specifically inhibits CRM1 (10, 25, 37),
HDAC4 may be actively exported in a CRM1-dependent man-
ner. Using known consensus nuclear import and export
sequences (35), we inspected the amino acid sequence of
HDAC4 and found that it contains three putative bipartite
nuclear localization signals and three potential leucine-rich
nuclear export signals. Therefore, HDAC4 possesses putative
intrinsic nucleocytoplasmic trafficking signals. It is tempting to
speculate that the subcellular localization of HDAC4 is depen-
dent on its nuclear import as well as on its nuclear export (Fig.
7). If its nuclear import dominates, more HDAC4 molecules
end up in the nucleus, and if export dominates, the reverse is
true. Therefore, factors that alter its nuclear import, export, or
both will also affect the subcellular localization of HDAC4.

Physical association of HDAC4 with 14-3-3 proteins. Be-
sides its putative nuclear localization and export signals,
HDAC4 also contains five putative 14-3-3 binding sites (Fig.
3B). Importantly, we have found that HDAC4 interacts with
14-3-3 proteins (Fig. 2 and 3). Among the five putative 14-3-3
binding sites on HDAC4, only S246, S467, and S632 appeared
to mediate the interaction (Fig. 3A to D). Consistent with this,
the triple mutant S246/467/632A was completely incapable of
binding to 14-3-3 proteins (Fig. 3E). These findings indicate

FIG. 6. Repression ability of HDAC4 and its mutant S246/467/632A. (A and
B) The reporter (200 ng), MEF2-E4-Luc (A) or pJLuc (B), was transfected into
NIH 3T3 cells with a MEF2C expression plasmid (100 ng), an internal control
plasmid (CMV-b-Gal; 50 ng), and the expression plasmid for Flag-tagged
HDAC4 or S246/467/632A at the indicated amount. The normalized luciferase
activity from the transfection without any effector plasmid was arbitrarily set to
1.0. Average values of at least three independent experiments are shown with
standard deviation indicated by error bars. (C) A 200-ng sample of the Gal4-tk-
Luc reporter was transfected into NIH 3T3 cells with a Gal4-VP16 expression
plasmid (5 ng), the internal control plasmid CMV-b-Gal (50 ng), and the ex-
pression plasmid for Flag-tagged HDAC4 or S246/467/632A at the indicated
amount. The reporter activities were measured as for panels A and B. (D) The
Gal4-tk-Luc reporter was transfected into NIH 3T3 cells along with an expres-
sion plasmid for Gal4-HDAC4 or Gal4-S246/467/632A. Normalized luciferase
activities from transfection with effector plasmids at the indicated amounts were
compared with that from the reporter alone to calculate the relative repression.
Average values of four independent experiments are shown with standard devi-
ation indicated by error bars.
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that HDAC4 possesses three functional 14-3-3 binding sites.
By contrast, CDC25C contains only one 14-3-3 binding site
(39). 14-3-3 proteins exist as homodimers in the cells (40, 59),
so one molecule of HDAC4 may bind to two 14-3-3 ho-
modimers with one of their four phosphoserine-binding pock-
ets free. Interestingly, 14-3-3 proteins contain functional nu-
clear export signals within their binding pockets (40), raising
the possibility that 14-3-3 proteins bind to HDAC4 and provide
it with functional nuclear export signals (see below).

Regulation of HDAC4 by binding of 14-3-3 proteins. What is
the functional consequence of 14-3-3 binding to HDAC4? The
HDAC4 mutant S246/467/632A had deacetylase activity com-
parable to that of the wild-type protein (Fig. 5), suggesting that
14-3-3 binding does not affect the deacetylase activity of
HDAC4. Significantly, unlike the wild-type HDAC4 protein,
the triple mutant S246/467/632A was predominantly nuclear
(Fig. 4). This is consistent with the finding that this triple mu-
tant was apparently more potent than the wild-type protein in
reporter gene assays (Fig. 6D). Therefore, 14-3-3 binding neg-
atively regulates the repression function of HDAC4 by inter-
fering with its nuclear localization. Such a regulatory mode is
similar to those reported for CDC25C (39) and Forkhead
transcription factors (4, 6) but different from that reported for
a homeodomain transcription factor (48).

How does 14-3-3 binding lead to the cytoplasmic accumula-
tion of HDAC4? As discussed above, HDAC4 is actively shut-
tled between the cytoplasm and the nucleus, and any factors

that alter its nuclear import, nuclear export, or both also affect
its subcellular localization. We speculate that without 14-3-3
binding, the nuclear import of HDAC4 may prevail and lead to
its nuclear localization. Consistent with this speculation, the
triple mutant S246/467/632A was incapable of binding to 14-
3-3 proteins and was thus predominantly nuclear (Fig. 4). With
14-3-3 binding, the dynamic shuttling of HDAC4 may be shift-
ed toward cytoplasmic accumulation. Therefore, 14-3-3 bind-
ing plays a contributing role in determining the subcellular
localization of HDAC4. 14-3-3 binding may interfere with the
nuclear import of HDAC4. Related to this, there are two pu-
tative nuclear localization signals close to the S246 14-3-3 bind-
ing site of HDAC4, and 14-3-3 binding to S246 of HDAC4
plays an important role in regulating the subcellular localiza-
tion of HDAC4 (Fig. 4). Alternatively, association with 14-3-3
proteins may stimulate the nuclear export of HDAC4. Indeed,
each 14-3-3 isoform contains a functional nuclear export sig-
nal (40). Therefore, we propose that 14-3-3 proteins sequester
HDAC4 in the cytoplasm by directly hindering its nuclear im-
port and/or facilitating its nuclear export (Fig. 7). A third pos-
sibility is that 14-3-3 proteins simply serve as cytoplasmic an-
chors for HDAC4. Further studies are needed to distinguish
these possibilities.

Once in the nucleus, HDAC4 may initiate the assembly of
fully functional repression complexes by association with DNA
binding transcription factors such as MEF2s (28, 33, 55) and
transcriptional corepressors such as HDAC3 (11) and SMRT/
N-CoR (13, 17, 20). 14-3-3 binding to HDAC4 may serve as
a switch that controls the assembly of these repression com-
plexes. How is this switch turned on and off? Since 14-3-3
proteins are known phosphoserine-binding adapters (34, 40,
59), they may bind to HDAC4 in a phosphorylation-dependent
manner. This is supported by the finding that replacement of
S246, S467, and S632 of HDAC4 with the nonphosphorylable
residue alanine abolished 14-3-3 binding (Fig. 3). Phosphor-
ylation of these three serine residues may be controlled by
known or unknown protein kinases and phosphatases. Consis-
tent with this, we have found that Flag-HDAC4 is heavily
phosphorylated in 293 cells (data not shown). How the inter-
action of HDAC4 with 14-3-3 proteins is regulated by phos-
phorylation is an interesting question that merits further in-
vestigation.

Like HDAC4, HDAC5 and HDAC7 contain putative 14-3-3
binding sites (9, 11, 20, 33, 52, 55), so HDAC5 and HDAC7
may be subject to similar regulation by 14-3-3 proteins. On the
other hand, HDAC6 and Hda1 possess no obvious 14-3-3 bind-
ing motifs (11, 33, 41, 52, 55). Therefore, 14-3-3 proteins may
regulate a subfamily of class II HDACs by affecting their sub-
cellular localization. Interestingly, the subcellular localization
of the recently identified NAD-dependent deacetylase SIR2
may be also regulated (18, 27). Furthermore, it has been
recently reported that chicken HDAC3 may be subject to
active nuclear export (47). Therefore, controlled subcellular
compartmentalization may be one general regulatory mecha-
nism for members of different classes of HDACs.

In summary, this study supports the notion that HDAC4 is
localized in the cytoplasm and/or the nucleus. Through S246,
S467, and S632, HDAC4 interacts with the 14-3-3 family of
proteins. Moreover, the binding of 14-3-3 proteins negatively
regulates the function of HDAC4 by excluding it from the
nucleus. Future experiments on how the association of 14-3-3
proteins with HDAC4 and perhaps its homologs is regulated
will shed light on the molecular mechanisms by which deacety-
lation of acetylated histones and nonhistone proteins is con-
trolled in vivo.

FIG. 7. Model depicting possible modes of regulation of HDAC4 by 14-3-3
proteins. HDAC4 is actively shuttled between the cytoplasm (C) and the nucleus
(N), and the relative rate of nuclear import and export may determine the sub-
cellular localization. 14-3-3 binding may shift the distribution equilibrium of
HDAC4 toward cytoplasmic accumulation by hindering its nuclear import (A)
and/or facilitating its nuclear export (B). 14-3-3 proteins have been shown to be
subject to active nuclear export (40), so they can interact with HDAC4 in the
nucleus (B). Association of HDAC4 with other proteins may also affect its lo-
calization. In this study, we have investigated how 14-3-3 proteins regulate the
functions of HDAC4. Theoretically, it is also possible that HDAC4 regulates the
functions of 14-3-3 proteins such as their ability to regulate the function of their
binding partners (1, 4, 19, 38, 39) and to bind to cruciform DNA molecules (19, 50).
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ADDENDUM IN PROOF

A similar conclusion about regulation of HDAC4 by 14-3-3 was also
recently reported by C. M. Grozinger and S. L. Schreiber (Proc. Natl.
Acad. Sci. USA 97:7835–7840, 2000).
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